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Introduction {#jah32004-sec-0004}
============

Atherosclerosis is a chronic inflammatory disease[1](#jah32004-bib-0001){ref-type="ref"}, [2](#jah32004-bib-0002){ref-type="ref"} and underlies in the development of cardiovascular diseases.[3](#jah32004-bib-0003){ref-type="ref"} Endothelial dysfunction initiates the development of atherogenesis by secreting cytokines and chemokines, which attract peripheral monocytes. These monocytes then adhere and aggregate into the subendothelial area of blood vessels and subsequently differentiate into macrophages and then become foam cells after endocytosis of modified low‐density lipoprotein.[4](#jah32004-bib-0004){ref-type="ref"} Ineffective clearance results in an accumulation of apoptotic macrophages, which may then undergo post‐apoptotic necrosis. This is essential for necrotic core formation, a key determinant in the formation of vulnerable plaques.[5](#jah32004-bib-0005){ref-type="ref"} Chronic inflammation, plaque instability, and enlargement of the necrotic core size eventually lead to the rupture of advanced plaques, resulting in various acute cardiovascular events including myocardial infarction, sudden cardiac death, and stroke.[6](#jah32004-bib-0006){ref-type="ref"} The mechanisms that underlie atherogenesis and related inflammation development remain to be fully understood.

Growing evidence indicates that the Wnt/β‐catenin signaling pathway exerts an important role on the regulation of inflammation and the cell fate decision, which are important events in the development of atherogenesis.[7](#jah32004-bib-0007){ref-type="ref"}, [8](#jah32004-bib-0008){ref-type="ref"}, [9](#jah32004-bib-0009){ref-type="ref"} The Dickkopf (DKK) protein family, including DKK1, 2, 3, and Soggy (a unique DKK3‐related protein), is best known as a negative regulator of the Wnt signaling pathway.[10](#jah32004-bib-0010){ref-type="ref"}, [11](#jah32004-bib-0011){ref-type="ref"} All DKK proteins contain 2 conserved cysteine‐rich domains, thus facilitating the binding to cofactors and contributing to development, homeostasis, and various pathological disease processes.[10](#jah32004-bib-0010){ref-type="ref"} DKK3, one of the most poorly characterized members encoding 5 secreted glycoproteins, has emerged as an important regulator of cell fate determination during embryonic development.[12](#jah32004-bib-0012){ref-type="ref"} In addition, a large number of studies have demonstrated the important role of DKK3 in the pathological process of human tumor development. A reduction in DKK3 expression was detected in multiple cell types in human cancers including prostate,[13](#jah32004-bib-0013){ref-type="ref"} colon,[14](#jah32004-bib-0014){ref-type="ref"} and breast[15](#jah32004-bib-0015){ref-type="ref"} cancers, acute lymphoblastic leukemia,[16](#jah32004-bib-0016){ref-type="ref"} human renal clear‐cell carcinoma,[17](#jah32004-bib-0017){ref-type="ref"} and non‐small‐cell lung carcinomas.[18](#jah32004-bib-0018){ref-type="ref"} Additionally, the potential effect of DKK3 on suppressing cancer cell proliferation or accelerating the apoptotic process during cancer development suggests that DKK3 is a possible candidate tumor suppressor gene in humans.[13](#jah32004-bib-0013){ref-type="ref"}, [14](#jah32004-bib-0014){ref-type="ref"}, [15](#jah32004-bib-0015){ref-type="ref"}, [18](#jah32004-bib-0018){ref-type="ref"}, [19](#jah32004-bib-0019){ref-type="ref"} As a key negative modulator of Wnt/β‐catenin, DKK3 expression has been identified in human mesenchymal stem cells[20](#jah32004-bib-0020){ref-type="ref"} and is strongly expressed in aorta and heart during embryogenesis.[21](#jah32004-bib-0021){ref-type="ref"} Our recently studies have demonstrated that DKK3 plays a critical role in cardiovascular diseases[22](#jah32004-bib-0022){ref-type="ref"}, [23](#jah32004-bib-0023){ref-type="ref"} and in metabolic disease.[24](#jah32004-bib-0024){ref-type="ref"} However, there are no studies regarding the relationship between DKK3 expression and the development of atherosclerosis.

The present study was performed to investigate the role of DKK3 in atherogenesis and plaque destabilization. Our in vivo and in vitro experiments demonstrated that the decreased inflammation and ameliorated macrophage dysfunction associated with the development of atherosclerosis in DKK3^−/−^ApoE^−/−^ mice were at least partially mediated by activation of the Wnt/β‐catenin signaling pathway.

Methods {#jah32004-sec-0005}
=======

Animals and Diets {#jah32004-sec-0006}
-----------------

The animal study protocols were performed in accordance with Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health and were approved by the Animal Care and Use Committee of the Renmin Hospital and the Animal Experiment Center of Wuhan University. DKK3 knockout mice (129S6/SvEvTac‐DKK3\<tm1Tfur\>), 129 background, were kindly provided by Takahisa Furukawa (Osaka Bioscience Institute, Osaka, Japan). To purify the background, the female DKK3^−/−^ mice on a 129 background were first crossbred with male C57BL/6, and then the male F1 generation mice (DKK3 heterozygous) were mated with female C57BL/6 mice for the F2 generation mice (DKK3 heterozygous). The F2 generation mice were then repeatedly crossed with C57BL/6J mice until the F9 generation (DKK3 heterozygous). Finally, these F9 mice were then crossed to yield DKK3 KO (pure C57BL/6J background) mice as a previous study described. ApoE^−/−^ mice and DKK3^−/−^ mice were crossbred to obtain DKK3^−/−^ApoE^−/−^ mice and ApoE^−/−^ littermates. Eight‐week‐old mice of 2 groups were treated with a high‐fat diet (HFD; 15.8% fat and 1.25% cholesterol) or normal chow (NC) for up to 28 weeks. Serum was collected for the measurement of lipids, including triglyceride, total cholesterol, very‐low‐density lipoprotein, low‐density lipoprotein, intermediate‐density lipoprotein, and high‐density lipoprotein, and the levels of inflammatory cytokines such as tumor necrosis factor‐α (TNF‐α), monocyte chemoattractant protein‐1 (MCP‐1), interleukin (IL)‐6, and IL‐1β were tested as in a previous study.[25](#jah32004-bib-0025){ref-type="ref"} Euthanasia was performed by intraperitoneal injection of sodium pentobarbital (50 mg/kg).

Atherosclerotic Lesion Analysis {#jah32004-sec-0007}
-------------------------------

After treatment with a HFD for 28 weeks, the mice received intraperitoneal anesthesia with pentobarbital sodium (50 mg/kg), then were sacrificed and transcardially perfused with PBS and/or 4% paraformaldehyde. The hearts were embedded in paraffin or an optimal cutting temperature compound for histological analysis. For en face analysis, the entire aorta was removed carefully from each heart and stained with Oil Red O to quantify the size of atherosclerotic lesions by using Image Pro Plus 6.0 software as described before.[26](#jah32004-bib-0026){ref-type="ref"} Consecutive 5‐μm sections of the atrioventricular valve region of each heart were collected and stained with hematoxylin and eosin for morphology analysis. The plaque stability score was determined as (smooth muscle cell \[SMC\] area+collagen area)/(macrophage area+lipid area).[27](#jah32004-bib-0027){ref-type="ref"}

Bone Marrow Transplantation Study {#jah32004-sec-0008}
---------------------------------

Male recipient mice at 8 weeks of age were lethally irradiated with 2 doses of 550 rads each (for a total of 11 Gy) 4 hours apart on the day of transplantation. After intraperitoneal anesthesia with pentobarbital sodium (50 mg/kg), \~5×10^7^ nucleated bone marrow cells were obtained from donor DKK3^−/−^ApoE^−/−^ or ApoE^−/−^ mice and then injected intravenously into ApoE^−/−^ recipient mice through the orbital plexus. Four weeks after bone marrow transplantation, peripheral blood was collected via retro‐orbital venous plexus puncture for polymerase chain reaction (PCR) analysis of bone marrow reconstitution. Then, mice were fed a HFD for an additional 16 weeks to analyze atherosclerotic lesion development.

Quantitative Real‐Time PCR and Western Blot {#jah32004-sec-0009}
-------------------------------------------

Total mRNA from the whole aorta was extracted using TRIzol reagent, purified with DNase, and reverse transcribed with a Transcriptor First Strand cDNA Synthesis Kit (Roche, Basel, 04897030001).[28](#jah32004-bib-0028){ref-type="ref"} The target genes were quantified by real‐time PCR using LightCycler 480 SYBR Green 1 Master Mix and a LightCycler 480 QPCR System (Roche Diagnostics, Indianapolis, IN). The relative transcription levels of target genes were normalized against GAPDH gene expression. Proteins were extracted from the aortas, which were homogenized in lysis buffer as described previously.[29](#jah32004-bib-0029){ref-type="ref"} Then, 5 μg of protein was separated by SDS‐PAGE and transferred to polyvinylidene fluoride membranes, which were blocked in Tris‐buffered saline/Tween 20 for 1 hour at room temperate and incubated with primary antibodies overnight at 4°C. Next, the membranes were incubated with secondary antibodies and treated with enhanced chemiluminescence reagents before being visualized using a FluorChem E Imager (ProteinSimple, San Jose, CA). Specific protein expression was normalized against GAPDH or Lamin B protein expression.

Immunofluorescence {#jah32004-sec-0010}
------------------

Dewaxed heart slides were processed as described in our previous study[30](#jah32004-bib-0030){ref-type="ref"} and were then incubated overnight with the primary antibodies at 4°C. After rewarming at 37°C for 1 hour, the appropriate secondary antibodies were used, including Alexa Fluor 568 donkey anti‐goat IgG (1:200 dilution; Invitrogen, Carlsbad, CA), and Alexa Fluor 568 donkey anti‐rat IgG (1:200 dilution, Invitrogen). The nuclei were stained with 4ʹ,6‐diamidino‐2‐phenylindole.

Human Specimens {#jah32004-sec-0011}
---------------

All procedures involving human samples complied with the principles outlined in the Declaration of Helsinki and were approved by the Renmin Hospital of Wuhan University Institutional Review Board in Wuhan, China. Samples of atheromatous plaques were collected from the coronary artery of coronary heart disease patients who had undergone heart transplantation, and control samples were obtained from the coronary arteries of normal heart donors who were not suitable for transplantation ([Table](#jah32004-tbl-0001){ref-type="table-wrap"}). Written informed consent was obtained from the relevant families.

###### 

Relevant Information on Human Samples

  Type    Sex      Age (y)   Medications (Major)
  ------- -------- --------- -----------------------------------------------------
  Donor   Male     46        N/A
  Donor   Male     58        N/A
  Donor   Male     25        N/A
  Donor   Female   57        N/A
  CHD     Female   66        Atorvastatin, nitroglycerin, dexamethasone,
  CHD     Male     47        Nicorandil, heparin sodium, spironolactone
  CHD     Male     58        Atorvastatin, furosemide, trimetazidine, nicorandil
  CHD     Male     63        Atorvastatin, metoprolol, heparin sodium

CHD indicates coronary heart disease; N/A, not available.

Statistical Analysis {#jah32004-sec-0012}
--------------------

All statistical data were analyzed using SPSS software version 16.0 and were presented as the mean±SEM. Comparisons between 2 groups were evaluated using 2‐tailed Student t tests or Wilcoxon test according to the distribution pattern of the data, and 1‐way ANOVA for 4 groups. *P*\<0.05 was considered to be statistically significant.

Results {#jah32004-sec-0013}
=======

Upregulation of DKK3 Expression in Atherosclerotic Vessels of Hyperlipidemic ApoE‐Deficient Mice {#jah32004-sec-0014}
------------------------------------------------------------------------------------------------

To explore the potential role of DKK3 in the development of atherosclerosis, we first examined the DKK3 expression level in mouse atherosclerotic plaques. Western blot revealed a strong increase of DKK3 expression in aortas from ApoE‐deficient mice fed with HFD for 28 weeks compared with NC treatment (Figure [1](#jah32004-fig-0001){ref-type="fig"}A). Immunofluorescence staining of the aortic root revealed a stronger immunoreactivity in the atherosclerotic lesion of HFD‐induced ApoE^−/−^ mice than the NC group. Additionally, the upregulated expression of DKK3 was found to be primarily localized in the lesion‐infiltrated macrophages, which were identified by CD68 staining (Figure [1](#jah32004-fig-0001){ref-type="fig"}B). Similar results were also obtained in bone marrow--derived macrophages exposed to oxidized‐LDL stimulation (Figure [1](#jah32004-fig-0001){ref-type="fig"}C). However, a minimal expression and no significant changes of DKK3 were observed in vascular smooth muscle cells (VSMCs) and human umbilical vein endothelial cells after being stimulated by oxidized LDL (Figure [S1](#jah32004-sup-0001){ref-type="supplementary-material"}A). Taken together, these data indicate that DKK3 is upregulated primarily in activated plaque macrophages during atherogenesis.

![Expression of DKK3 in atheromatous lesions of mice. A, Western blotting analysis of DKK3 protein levels in aorta of mice. The expression levels were normalized to GAPDH and quantified. n=4. \**P*\<0.05. B, Representative images showing double immunofluorescence staining of mouse aortic sinus for DKK3 (green) and macrophages (red). Scale bar=50 μm. C, Western blot analysis of DKK3 expression in BMDMs on oxidized‐LDL treatment. \**P*\<0.05. BMDMs indicates bone marrow‐derived macrophages; DKK3, Dickkopf‐3; LDL, low‐density lipoprotein.](JAH3-6-e004690-g001){#jah32004-fig-0001}

DKK3 Deficiency Attenuates the Development of Atherosclerosis {#jah32004-sec-0015}
-------------------------------------------------------------

To further elucidate the involvement of upregulated DKK3 in the progression of atherosclerosis, male and female DKK3^−/−^ApoE^−/−^ and ApoE^−/−^ littermates were fed with NC or HFD for 28 weeks starting from 8 weeks of age. En face analysis of the whole aortas indicated that the atherosclerotic lesion area in HFD‐induced DKK3^−/−^ApoE^−/−^ mice showed a significant decrease compared with ApoE^−/−^ littermates (29.35% vs 41.57%), although no marked difference in lesions was found between the 2 groups fed with NC (Figure [2](#jah32004-fig-0002){ref-type="fig"}A). Additionally, we observed that the difference of lesion burden between DKK3^−/−^ApoE^−/−^ and ApoE^−/−^ mice mainly localized in the aortic arch and the thoracic aorta, whereas no significant difference was found in the abdominal aorta region (Figure [2](#jah32004-fig-0002){ref-type="fig"}A). The effect of DKK3 on atherogenesis was also evaluated by measuring plaque volume in the aorta at the aortic sinus level and in brachiocephalic arteries in HFD groups. Quantitative analysis revealed that the lesion areas in the aorta at valve level (Figure [2](#jah32004-fig-0002){ref-type="fig"}B) and brachiocephalic arteries (Figure [2](#jah32004-fig-0002){ref-type="fig"}C) were significantly smaller in DKK3^−/−^ApoE^−/−^ mice compared to their ApoE^−/−^ littermates. No differences were observed in body weight, plasma cholesterol levels, plasma triglycerides, and lipoprotein profiles between the 2 genotypes fed a HFD (Figure [2](#jah32004-fig-0002){ref-type="fig"}D and [2](#jah32004-fig-0002){ref-type="fig"}E).

![Development of atherosclerosis resulted from DKK3 deficiency. A, En face Oil Red O staining of aortas from DKK3^−/−^ApoE^−/−^ mice and control mice fed NC or a HFD. Lesion occupation was quantified and shown in the right and bottom panel. n=15 to 18. B, Hematoxylin and eosin staining of the lesions in aortic root sections. Scale bar=500 μm, n=8 to 10. C, Brachiocephalic artery sections were stained with hematoxylin and eosin. Scale bar=100 μm, n=11 to 12. D and E, Body weight, triglycerides, total cholesterol, and lipoprotein profiles from DKK3^−/−^ApoE^−/−^ and ApoE^−/−^ mice fed a HFD. n=20. \**P*\<0.05 in A through C. DKK3 indicates Dickkopf‐3; HDL, high‐density lipoprotein; HFD, high‐fat diet; IDL, intermediate‐density lipoprotein; LDL, low‐density lipoprotein; NC, normal chow; TC, total cholesterol; TG, triglyceride; VLDL, very‐low‐density lipoprotein.](JAH3-6-e004690-g002){#jah32004-fig-0002}

DKK3 Deficiency Decreases the Necrotic Area and Increases Features of Plaque Stability {#jah32004-sec-0016}
--------------------------------------------------------------------------------------

Necrotic core formation in advanced atherosclerotic plaques promotes plaque disruption and causes acute atherothrombotic vascular events. DKK3^−/−^ApoE^−/−^ mice exhibited smaller necrotic core regions in the aortic root and brachiocephalic arteries compared with ApoE^−/−^ mice, and the fibrous caps exhibited greater thickening (Figure [3](#jah32004-fig-0003){ref-type="fig"}A and [3](#jah32004-fig-0003){ref-type="fig"}B). We also investigated the composition of lesions in the aortic root, including the collagen content, smooth muscle cells, macrophage infiltration, and lipid accumulation, which contribute to plaque stability. DKK3^−/−^ApoE^−/−^ mice exhibited significantly increased collagen‐positive area, profoundly increased smooth muscle cells, decreased macrophage infiltration, and lipid accumulation (Figure [3](#jah32004-fig-0003){ref-type="fig"}C and [3](#jah32004-fig-0003){ref-type="fig"}D). Furthermore, we assessed the plaque stability score, and the results showed that DKK3 ablation improved the stability characteristics of plaque (Figure [3](#jah32004-fig-0003){ref-type="fig"}D).

![The necrotic area and plaque stability characteristics in DKK3‐deficient mice. A and B, Representative aortic sinus sections (A) and brachiocephalic arteries (B) from DKK3^−/−^ApoE^−/−^ and ApoE^−/−^ mice were stained with hematoxylin and eosin. The circular region indicates necrotic areas. Below panel: quantification of anuclear, afibrotic, and eosin‐negative necrotic areas. n=8 to 12. C and D, Cross sections of the aortic sinus plaques were stained with picrosirius red for collagen, α‐smooth muscle actin for smooth muscle cells, CD68 for macrophages, and Oil Red O for lipids. The assessment of plaque stability score in DKK3^−/−^ApoE^−/−^ and ApoE^−/−^ mice. n=5 to 10, Scale bar=100 μm. \**P*\<0.05 in A, B, and D. DKK3 indicates Dickkopf‐3.](JAH3-6-e004690-g003){#jah32004-fig-0003}

DKK3 Deficiency in Marrow‐Derived Cells Decreases Atherosclerosis {#jah32004-sec-0017}
-----------------------------------------------------------------

Because DKK3 is primarily expressed by macrophages/foam cells in atherosclerotic plaques, it is important to know whether DKK3 deficiency in hematopoietic cells is sufficient to recapitulate the phenotype of global knockout of DKK3. For this purpose, lethally irradiated ApoE^−/−^ recipient mice were transplanted with bone marrow from DKK3^−/−^ApoE^−/−^ or ApoE^−/−^ donors and had atherosclerosis induced with a HFD for 16 additional weeks. Success of bone marrow chimera generation was confirmed by PCR of genomic DNA isolated from circulating white blood cells (Figure [4](#jah32004-fig-0004){ref-type="fig"}A and [4](#jah32004-fig-0004){ref-type="fig"}B). The area of atherosclerotic lesions in the aorta was significantly decreased in the DKK3^−/−^ApoE^−/−^ chimeras (Figure [4](#jah32004-fig-0004){ref-type="fig"}C). Consistent results were obtained in the aortic sinus (Figure [4](#jah32004-fig-0004){ref-type="fig"}D). The similar decrease in atherosclerosis between the bone marrow chimeras and global DKK3 knockouts suggests that loss of DKK3 expression in bone marrow--derived cells (presumably macrophages) contributes to the observed decrease in atherogenesis.

![Atherogenesis of ApoE^−/−^ mice transplanted with DKK3 deficient bone marrow cells. A and B, The genotype of ApoE (A) and DKK3 (B) in genomic DNA isolated from circulating white blood cells of recipient animals transplanted with DKK3^−/−^ApoE^−/−^ or ApoE^−/−^ bone marrow. n=4. C, Representative aorta stained with Oil Red O (n=10) (left panel) and quantification of plaque occupation in mice that received bone marrow cells from DKK3^−/−^ApoE^−/−^ or ApoE^−/−^ mice. D, Aortic root sections stained with hematoxylin and eosin (n=10) and quantification of plaque area. \**P*\<0.05 in (C and D). DKK3 indicates Dickkopf‐3.](JAH3-6-e004690-g004){#jah32004-fig-0004}

DKK3 Deficiency Decreases Inflammation and Inactivates the NF‐κB Signaling Pathway {#jah32004-sec-0018}
----------------------------------------------------------------------------------

The inflammatory response mediated by the secretion of cytokines, chemokines, and adhesion molecules by cells within the lesion is known to accelerate the development of atherogenesis. Thus, we used quantitative real‐time PCR to assess the expression of multiple inflammatory mediators using RNA isolated from the aortas of DKK3^−/−^ApoE^−/−^ mice and ApoE^−/−^ littermates after 28 weeks on a HFD. The mRNA levels of ICAM‐1 and VCAM‐1, 2 endothelial adhesion molecules that initiate the process of atherosclerosis, were strongly reduced in DKK3^−/−^ApoE^−/−^ mice compared with ApoE^−/−^ mice. We also observed a robust reduction of mRNA of proinflammatory markers such as IL‐6, IL‐1β, TNF‐α, MCP‐1, and inducible nitric oxide synthase in DKK3^−/−^ApoE^−/−^ mice (Figure [5](#jah32004-fig-0005){ref-type="fig"}A). In serum, levels of TNF‐α, MCP‐1, IL‐6, and IL‐1β were significantly decreased in DKK3^−/−^ApoE^−/−^ mice compared with controls (Figure [5](#jah32004-fig-0005){ref-type="fig"}B). In addition, by immunofluorescence staining, we observed decreased expression of ICAM‐1 and IL‐6 in the lesion area of DKK3^−/−^ApoE^−/−^ mice, and reduced phosphorylation of the NF‐κB subunit p65 was observed (Figure [5](#jah32004-fig-0005){ref-type="fig"}C). The NF‐κB signaling pathway plays a critical role in mediating inflammation in the development of atherosclerosis. Analysis of aortas from both groups by Western blotting showed that the expression levels of phosphorylated of IKKβ, IκBα, and p65 were decreased in DKK3^−/−^ApoE^−/−^ mice (Figure [5](#jah32004-fig-0005){ref-type="fig"}D).

![Inflammatory cytokine production and activity of the NF‐κB signaling pathway in DKK3 knockout mice. A, mRNA levels of proinflammatory markers in the aortas of ApoE^−/−^ and DKK3^−/−^ApoE^−/−^ mice were measured by real‐time PCR. n=6. B, Serum TNF‐α, MCP‐1, IL‐6 and IL‐1β levels were measured by ELISA in ApoE^−/−^ and DKK3^−/−^ApoE^−/−^ mice. n=10. C, Immunofluorescence staining for ICAM‐1, IL‐6, and p65 phosphorylation in the aortic sinuses of ApoE^−/−^ and DKK3^−/−^ApoE^−/−^ mice. n=5. D, Western blotting analysis of the NF‐κB signaling pathway in the aortas of ApoE^−/−^ and IRF3^−/−^ApoE^−/−^ mice, as assessed by the levels of IKKβ, IκBα, and p65 phosphorylation. Protein expression levels were normalized to GAPDH. \**P*\<0.05 in A, B, and D. DKK3 indicates Dickkopf‐3; IL‐6, interleukin‐6; IL‐1β, interleukin‐1β; MCP‐1, monocyte chemoattractant protein‐1; TNF‐α, tumor necrosis factor‐α;](JAH3-6-e004690-g005){#jah32004-fig-0005}

DKK3 Deficiency Activates the Wnt/β‐Catenin Pathway {#jah32004-sec-0019}
---------------------------------------------------

Sustained activation of Wnt proteins causes the disassembly of the β‐catenin destruction complex, which can no longer phosphorylate β‐catenin for proteasome‐mediated degradation. The accumulation of dephosphorylated β‐catenin eventually translocates from the cytoplasm to the nucleus to induce expression of target genes. To further investigate the molecular mechanism by which DKK3^−/−^ApoE^−/−^ mice showed attenuated development of atherosclerosis, we investigated β‐catenin activity in the aortas of mice. Western blotting analysis revealed a significant decrease of phosphorylated β‐catenin but increased dephosphorylated β‐catenin in the cytoplasm of DKK3^−/−^ApoE^−/−^ mice compared with ApoE^−/−^ littermates. Meanwhile, dephosphorylated β‐catenin in the nuclear fraction was strongly increased in DKK3‐deficient mice compared with the control group (Figure [6](#jah32004-fig-0006){ref-type="fig"}A). Immunofluorescence staining indicated the translocation of β‐catenin in the nuclei of macrophages in DKK3^−/−^ApoE^−/−^ mice (Figure [6](#jah32004-fig-0006){ref-type="fig"}B). The similar results in accordance with experiment in vivo were also obtained in peritoneal macrophages isolated from ApoE^−/−^ and DKK3^−/−^ ApoE^−/−^ mice treated with oxidized LDL (Figure [6](#jah32004-fig-0006){ref-type="fig"}C). The PCR analysis showed DKK3 deficiency significantly reduced the expression of several proinflammatory cytokines in macrophages, including IL‐6, IL‐1β, TNF‐α, inducible nitric oxide synthase, and Cox2 on stimulation with oxidized LDL (Figure [6](#jah32004-fig-0006){ref-type="fig"}D).

![Activation of the Wnt/β‐catenin pathway in DKK3 deficiency. A, The total protein levels of β‐catenin in the nucleus and the phosphorylated and total protein levels of β‐catenin in the cytoplasm of DKK3^−/−^ApoE^−/−^ and ApoE^−/−^ mice. \**P*\<0.05. B, Immunofluorescence costaining of atherosclerotic plaques with β‐catenin (red) and CD68 (green). n=3. Scale bar=20 μm. C, Western blot analysis of β‐catenin in the nucleus and the phosphorylated and total protein levels of β‐catenin in the cytoplasm of peritoneal macrophages isolated from ApoE^−/−^ and DKK3^−/−^ ApoE^−/−^ upon oxidized‐LDL stimulation. \**P*\<0.05. D, mRNA levels of proinflammatory markers in peritoneal macrophages isolated from ApoE^−/−^ and DKK3^−/−^ ApoE^−/−^ treatment with oxidized LDL. \**P*\<0.05. DKK3 indicates Dickkopf‐3; LDL, low‐density lipoprotein.](JAH3-6-e004690-g006){#jah32004-fig-0006}

Enhanced DKK3 Expression in Human Coronary Artery Plaques {#jah32004-sec-0020}
---------------------------------------------------------

To evaluate the response of DKK3 in human atherosclerotic lesion, we analyzed the DKK3 expression level in the right coronary artery of patients with coronary heart disease, which is an atherosclerosis‐prone region. The western blot analysis showed a remarkable increased DKK3 expression in atherosclerotic plaque of patients (Figure [7](#jah32004-fig-0007){ref-type="fig"}A). More importantly, immunofluorescence staining of human plaque also revealed significantly increased DKK3 expression in the macrophages of atherosclerotic arteries compared with normal arteries (Figure [7](#jah32004-fig-0007){ref-type="fig"}B). In addition, VSMCs and endothelial cells also exhibited modest DKK3 expression in human plaques (Figure [S1](#jah32004-sup-0001){ref-type="supplementary-material"}B).

![Expression of DKK3 in human atheromatous lesions. A, Western blotting analysis of DKK3 protein levels in the right coronary artery in humans. The expression levels were normalized to GAPDH and quantified. n=4. \**P*\<0.05. B, Representative images showing double‐immunofluorescence staining of human coronary arteries for DKK3 (green) and macrophages (red). Scale bar=50 μm. DKK3 indicates Dickkopf‐3.](JAH3-6-e004690-g007){#jah32004-fig-0007}

Discussion {#jah32004-sec-0021}
==========

Numerous published papers have demonstrated that the Wnt/β‐catenin signaling pathway is involved in many human diseases. However, the direct assessment of Wnt signaling in atherosclerosis is incomplete. In the current study we provide the first report that DKK3, an inhibitor of the Wnt pathway, is a positive regulator of the deleterious outcomes of atherosclerosis. Within the atherosclerotic plaques of coronary heart disease patients or hyperlipidemic mice, increased DKK3 expression was predominantly located in macrophages. Using a loss‐of‐function strategy and bone marrow transplantation experiments, we demonstrated that the antiatherogenesis effect of DKK3 deficiency largely originated from its role in macrophages. The absence of DKK3 led to a reduction in the inflammatory response and inactivation of the NF‐κB signaling pathway. Collectively, multiple pathological processes contribute to the decreased size of the necrotic core and the increased stability of plaques in DKK3 deficiency. Mechanistically, DKK3 ablation activates the Wnt/β‐catenin pathway and promotes accumulation of β‐catenin in macrophages.

During the initiation and development of atherosclerosis, accumulative inflammatory response has been involved in all stages of atherogenesis, which ultimately destabilizes plaques and leads to the occurrence of severe cardiovascular events.[1](#jah32004-bib-0001){ref-type="ref"}, [2](#jah32004-bib-0002){ref-type="ref"} In the current work, DKK3 deficiency significantly attenuated the atherosclerotic lesion burden in the whole aorta, aortic root, and brachiocephalic arteries, and the hallmark of DKK3 ablation on atherogenesis is characterized as decreased secretion of inflammatory mediators and inactivation of proinflammatory NF‐κB signaling. Notably, the prediction of plaque disruption and acute clinical events in humans is associated with plaque morphology rather than plaque size.[31](#jah32004-bib-0031){ref-type="ref"} In parallel with the decreased size of the necrotic core, the collagen fiber content and contractility of vascular smooth muscle cells were increased, whereas the accumulation of macrophages and lipids was decreased in DKK3^−/−^ApoE^−/−^ mice, thus collectively contributing to plaque stability. Further investigation using bone marrow transplantation demonstrated that ablation of DKK3 in macrophages accounted for the decrease in atherosclerotic plaques observed in DKK3‐deficienct mice. Meanwhile, we observed a moderate DKK3 expression in the VSMCs and endothelium in human atherosclerotic plaque, suggesting a potential role of non‐macrophage‐derived DKK3 on atherogenesis. Although it has been reported that DKK3 has an effect on smooth muscle differentiation,[32](#jah32004-bib-0032){ref-type="ref"}, [33](#jah32004-bib-0033){ref-type="ref"} we found that the expression of DKK3 in VSMCs and human umbilical vein endothelial cells was at a minimal level and did not show response to oxidized‐LDL stimulation. Additionally, the DKK3^−/−^ApoE^−/−^ mice that received transplanted ApoE^−/−^ bone marrow developed similar amounts of atherosclerotic plaques as the ApoE^−/−^ mice transplanted with ApoE^−/−^ bone marrow. Collectively, these data indicate that the role of DKK3 deficiency in hematopoietic cells on the development of atherosclerosis is more critical than it is in other vascular cells. Recently, our research has revealed a versatile role for DKK3 in diverse cell types under different pathological stimulations. In cardiomyocytes the pressure overload‐induced decrease in DKK3 expression represses the development of cardiac remodeling,[22](#jah32004-bib-0022){ref-type="ref"} and DKK3 protects against ventricular remodeling after myocardial infarction.[23](#jah32004-bib-0023){ref-type="ref"} In hepatocytes DKK3 has been identified as a negative modulator of insulin resistance, hepatic steatosis, and inflammatory responses.[24](#jah32004-bib-0024){ref-type="ref"}

The Wnt signaling pathway was originally found to play a key role in embryogenesis and cellular development.[34](#jah32004-bib-0034){ref-type="ref"}, [35](#jah32004-bib-0035){ref-type="ref"}, [36](#jah32004-bib-0036){ref-type="ref"} However, growing evidence has demonstrated that the Wnt/β‐catenin signaling pathway exerts an important role on the regulation of inflammation and cell fate decision determination, proliferation, differentiation, cell polarity, and migration.[7](#jah32004-bib-0007){ref-type="ref"}, [8](#jah32004-bib-0008){ref-type="ref"}, [9](#jah32004-bib-0009){ref-type="ref"} In multiple experimental systems and diseases it has been verified that the activation of different intricate intracellular signaling pathways by Wnt proteins is highly dependent on their interaction with transmembrane‐spanning Frizzled receptors and the association of endogenous coreceptors, of which the Wnt3a and LDL‐related proteins 5 and 6 (LRP5/6) are required for activation of canonical Wnt/β‐catenin signaling.[37](#jah32004-bib-0037){ref-type="ref"} When Wnt3a proteins bind to the Frizzled--LRP5/6‐receptor complex, disassembly of the β‐catenin destruction complex results in the rapid accumulation of dephosphorylated β‐catenin in the cytoplasm; β‐catenin subsequently translocates to the nucleus and triggers the expression of a variety of target genes.[38](#jah32004-bib-0038){ref-type="ref"} In both in vivo and in vitro experiments we observed a significant reduction in phosphorylated β‐catenin and an increased presence of dephosphorylated β‐catenin in the cytoplasm, with increased accumulation of β‐catenin expression in the nuclear fraction of DKK3^−/−^ApoE^−/−^ mice, which was accompanied by decreased proinflammatory cytokines. Recently, compelling evidence has demonstrated that the Wnt‐LRP5/6--β‐catenin axis plays an important role in the development of atherosclerosis. First, a reduction in LRP6 receptor expression has been identified in human carotid atherosclerotic lesions,[39](#jah32004-bib-0039){ref-type="ref"} and a familial missense mutation in the human LRP6 gene has been found to be associated with an increased incidence of early coronary artery disease and high levels of circulating LDL cholesterol.[39](#jah32004-bib-0039){ref-type="ref"}, [40](#jah32004-bib-0040){ref-type="ref"} Furthermore, an augmentation of atherosclerotic lesion formation has been observed in LRP5‐null mice,[41](#jah32004-bib-0041){ref-type="ref"} whereas mice with LRP6 mutation crossed to the LDLR^−/−^ background develop fulminant proliferative and obstructive coronary artery disease.[42](#jah32004-bib-0042){ref-type="ref"} Second, enhanced expression of Wnt3a was observed in murine bone marrow--derived macrophages, and Wnt/β‐catenin counteracts the expression of proinflammatory cytokines in mycobacteria‐infected murine macrophages.[8](#jah32004-bib-0008){ref-type="ref"} Consistent with these findings, our study showed a significant reduction in the mRNA, serum and immunoreactivity levels of multiple proinflammatory cytokines in DKK3‐deficient mice. In addition, activation of the NF‐κB signaling pathway, a master regulator of inflammatory responses and the development of atherosclerosis, was inhibited via DKK3 ablation. A previous study suggests that the migration of human monocytes is impaired, and VCAM‐1 expression is downregulated in response to Wnt/β‐catenin activation.[43](#jah32004-bib-0043){ref-type="ref"}, [44](#jah32004-bib-0044){ref-type="ref"} As expected, our results revealed decreased ICAM‐1 and VCAM‐1 expression as well as macrophage infiltration in DKK3^−/−^ApoE^−/−^ mice. Collectively, our results indicate that activation of the Wnt/β‐catenin pathway resulting from DKK3 deficiency partially inhibits the development of atherosclerosis.

In conclusion, the present study demonstrated that the absence of DKK3 protects against atherogenesis in a manner highly dependent on the role of this protein in macrophages, as confirmed by bone marrow transplantation. In particular, DKK3 accelerates the pathological process and promotes plaque accumulation via the inflammatory response. The underlying mechanism of the proatherosclerotic role of DKK3 partially involves the activation of the Wnt/β‐catenin pathway. These data underscore that inhibition of DKK3 and activation of the Wnt/β‐catenin signaling pathway may have therapeutic value for the resolution of inflammation in atherosclerosis.
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**Figure S1.** Expression of DKK3 in endothelial cell and vascular smooth muscle cells.
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